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The formation conditions of gold nanofilms on silicon (Si) substrate by galvanic replacement in a dimethyl
sulfoxide (DM SO) solvent and their subsequent use for the fabrication of Si nanostructures by metal-assisted
chemical etching (MACE) method were under study. It was found that the average size and number of Au
nanoparticles increase with an increase in the reducible meta ion concentration from 2 to 8 mM HAuUCI, in
DM SO, whereas the distribution of Au nanoparticlesin height remains low for all concentrations of the reducible
meta. In the temperature range 40 - 70°C, a different morphology of the deposited Au nanofilms observed. In
particular, at 40 °C, the film is porous mainly homogeneous, whereas at a temperature of 50°C the film is
rougher. The subsequent rise in temperature from 60°C to 70°C results in the formation of Au nanofilm with a
discontinuous morphology. It was established that regardless of the morphology of deposited Au nanofilms, the
Si nanostructures maintain a vertical orientation to the plane of the S substrate during MACE-etching. The

produced S nanostructures were 1.5 - 2.5 umin height and their average diameter ranged from 100 to 300 nm.
Key words: galvanic replacement, nanoparticles, gold film, silicon nanostructures, metal-assisted chemical

etching.
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I ntr oduction

Nanoparticles of gold (AuNPs) are known to be a
promisng material in terms of their application in
biomedicine as biosensors [1-3], biomarkers [4, 5], and
for bioimaging [6,7], drug ddivery [8,9] etc.
Additionally, AuNPs deposited onto Si substrate exhibit
surface plasmon resonance [10] which might help to
improve overall catalytic property of Si-based materials
and thereby enhance performances of devices based on
such materials, e.g. solar cells [11]. On the other hand,
Au nanofilms are used in a wide range of applications,
e.g. micro- and nanoelectronics, as well as for the
formation of dlicon nanostructures of different
morphologies (nanopores, nanowires, nanopillars etc.)
[12-14]. The deposition method and the control of
morphology of deposited gold nanoparticles and
nanofilms are known to be urgent tasks [15]. Thus
widely studied physico-chemical methods of deposition
are carried out mainly in agueous solutions, in which
besides the main process of metal reduction, there are
Side processes, in particular the release of hydrogen in
the cathode regions and the decomposition of the
substrate on which the particles or films are deposited.
This issue complicates controlled formation of metal
nanoparticles, which is a necessary condition for surface
modification. In contrast, utilizing the galvanic
repalcement in the medium of organic aprotic solvents,

234

eg. DMSO can prevent the occurrence of these
disadvantages, asit was shown in [15, 16].

In our previous work we demonstrated that an
increase in temperature of solution containing [AuCly]
ions and its concentration causes the size enlargement of
AUNPs [17]. However, the effect of the morphology of
Au sediment deposited onto Si substrate in a DMSO
solvent by galvanic replacement method on the formation
of Si nanostructures by means of MACE method was not
considered. Therefore, the aim of this work is to study
the formation conditions of gold nanofilms by galvanic
replacement method in a DMSO solvent, and ther
subsequent use for the fabrication of slicon
nanostructures by MACE method.

I. Materialsand Methods

In our experiments the p-type (100) oriented S
substrates with resigtivity 12 Qxcm were used. Substrate
was cut into equal samples with about 1x1 cm? square in
dimension. Samples were preliminary degreased in
acetone, washed in ultrasonic bath containing ethanol for
280 s and etched in 5 % aquous solution of hydrofluoric
acid (HF) in order to remove a native oxide layer.
Deposition of gold onto the S samples surface was
conducted by galvanic replacement method using
HAUCIl, (HAUCI4-3H,0, 99.99 %, Alfa Aesar) solution
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with molar concentration of 0.002 - 0.008 M mixed with
HF (1 % mass) and DM SO (99 %, Alfa Aesar). Clean S
samples were immersed in a metal salt solution at
temperature 40 - 70 °C for 1 min. Afterwards, Si samples
covered with Au nanoparticles were consequently
washed in ethanol, acetone and then dried in a heat
chamber at temperature 60 °C. S nanostructures were
produced by MACE method. For this, Si samples with
pre-deposited Au nanoparticles dipped into the etching
solution of HF(40 %)/H,0,(35 %)/H,O (4/1/4). The
etching process was carried out at room temperature for
15min. Finaly, al the samples were rinsed with
deionized water and dried in a heat chamber a
temperature 80 °C.

The surface morphology of Si samples was studied
with using the scanning electron microscopes (SEM)
ZEISS EVO 40XVP, SELMI REM-106I, and the atomic
force microscope (AFM) Solver PA7-PRO. Typically the
accelerating voltage of the SEM was about 20 keV.

II. Resultsand Discussion

According to the results of AFM sudies,
nanoparticles of gold in the height of 5 to 50 nm were
found on the surface of S samples (Fig. 1). As can be
seen, the average size and number of Au nanoparticles
increase with an increase in the reducible metal ion
concentration from 2 to 8 mM HAuUCI, in DMSO. At the
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same time, the distribution of Au nanoparticles in height
remains low for all concentrations of the reducible metal.
The process of galvanic replacement of gold can be
described by the following redox reactions [17]:

nSi + 4AMe" — nS* + 4Me, (1)
where at the anode areaction (2) istaking place;
S +6F — SF62- +4¢ E0=-1.20V 2
and consequently at the cathode (3):
[AuCl4]-+3e— Au+4Cl-, E0=142V (3)

A high value of the potential difference between the
reducible metal and silicon causes high values of the
cathode current density and etching rate of the total
reaction (1) as well. Therefore, considering that the
electromotive force of the process is AE® = 2.62 V, the
reduction rate of Au on the silicon surface will be higher
than in case of using metals with low values of the
standard electrode potential such as Ag, Pd, Ru, Cu, Ni
etc.

Another  important  factor influencing the
morphology of Si surface covered with Au nanoparticles
which have been deposited by galvanic replacement
method is the temperature. The results of studies have
shown that in the temperature range from 40 to 70 °C, a
different morphology of Au nanofilms can be observed
(Fig. 2). In particular, at 40 °C the film is porous mainly
homogeneous (Fig. 2, d), whereas at a temperature of
50 °C thefilm isrougher (Fig. 2, b). With the subsequent
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Fig. 1. AFM images of the Au nanoparticles deposited on the Si substrate from a solution, which contained 2 mM
(a), 4 mM (b) and 8 mM (c) of HAUCI4 in DM SO at temperature 50 °C for 1 min.
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Fig. 2. Dependence of the average size of Au nanoparticles on the temperature of the galvanic replacement process:
40°C (a), 50 °C (b), 60°C (c), 70°C (d).

rise in temperature from 60 °C (Fig. 2,¢) to 70 °C
(Fig. 2, d), the adsorption of DM SO molecules with gold
nanoparticles is reduced. In other words, the deterrent
effect of surface complexes on the size growth of Au
nanoparticles decreases [16], which resultsin an increase
in their size and therefore the growth of Au nanofilm the
morphology of which becomes discontinuous. Thus, the
size dependence of deposited nanoparticles on
temperatureislinear in therange 50 - 70 °C (Fig. 2).

The results of studies on the effect of temperature on
the Au nanoparticle height obtained are similar to those
concerning the change in the reducible metal ion
concentration. In particular, the results of the AFM
studies showed that with arise in temperature from 40 to
70°C an increase in the average size of gold
nanoparticles, their height and the surface filling density
is observed (Fig. 3). Consequently, the main factors
influencing the filling of the S substrate surface with
gold nanoparticles are the changes in the reducible metal
ion concentration and temperature of the galvanic
replacement process.

The next stage of this study was to determine the
effect of the change in the morphology of gold nancofilm
deposited by galvanic replacement, on the formation
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process of Si nanostructures during MACE-etching. Such
a process takes place under the electrochemical
mechanism, where the surface of the Au particle
contacting with an etchant, acts as a cathode, and
consequently, the interface of Au particle/S surfaceis an
anode. Between the anode and the cathode there is a
potential difference which makes electronsto flow. Thus,
thereis alocal flow of current in the direction from the
cathode to the anode.

As it is known [13], gold nanofilms provoke
anisotropic etching of a S substrate mainly along the
(100) direction. In addition, due to the high stability of
Au in the etching solution, the S nanostructures with a
high aspect ratio can be produced [12, 13, 18]. Indeed, as
it can be seen in Fig. 4, regardless of the morphology of
deposited gold nanofilms, the Si nanostructures maintain
a vertica orientation to the plane of the S substrate
during MACE-etching, and their height ranges from
1.5t0 2.5 um. The lateral dimension of S nanostructures
can be estimated from Fg. 4,a Thus the average
diameter of the produced Si nanostructures ranges from
100 to 300 nm. It is hard to define however the average
lateral size of nanostructures presented in Fig. 4,b as
they areirregular and densely packed to each other.
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Fig. 3. AFM images of gold nanoparticles deposited on the Si substrate from a sol ution, which contained 4 mM
of HAUCI, in DMSO for 1 min at temperature: 40°C (a), 50 °C (b), 60°C (c), 70°C (d).
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Fig. 4. SEM images of Si nanostructures formed after the 15 min HF-H,O,-H,0 etching of p-Si(100) substrate
coated with Au nanofilms deposited from a solution of 4 mM H[AUCI,] at 50 °C (a) and 70 °C (b).

Conclusions

The experimental results shows that the main factors
influencing the geometry of gold nanoparticles, which
determine the morphology of the resulting film, are the
composition of a solution, the reducing meta ion
concentration, and temperature. It was found that the
average size and number of Au nanoparticles increase
with an increase in the reducible metal ion concentration
from 2 to 8 mM HAUCI, in DM SO solvent. At the same
time, the distribution of Au nanoparticles in height
remains low for all concentrations of the reducible metal.
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The temperature influences the morphology of the
deposited Au nanofilms. At temperature 40 °C, the film
is porous mainly homogeneous and a a higher
temperature of 50 °C the film becomes rougher. The
subsequent rise in temperature from 60 to 70 °C results
in the formation of Au nanofilm with a discontinuous
morphology. The size dependence of the deposited Au
nanoparticles on temperature is found to be linear. There
was no significant effect of the morphology of Au
nanofilms on the orientation of S nanostructures
produced by MACE method. It was found that these Si
nanostructures which were 1.5-25 um in height and
100 - 300 nm in diameter, maintained perpendicular to
the plane of the Si substrate after the MACE-etching.
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C.I. Hiukano, M.B. llleniga, M.B. Uekaiino

OnTuMajibHi YMOBH 0CA/I’KEHHSI HAHOILIIBOK 30J10Ta HA KPEeMHIM
METOAOM I'aJIbBAHIYHOI0 3aMillleHHS

Hayionanvnuil ynieepcumem “ Jlosiecoka nonimexuixa” , 79013, Jlvsis, Yxpaina, maryana shepida@ukr.net

HocnimkeHo ymoBH (OpMyBaHHsS HAHOIUTIBOK 30j0Ta Ha KpeMHieBi (S) migkmaami MeTogoM
rajpBaHiuHOro 3amimieHHst B aumMermicynsdokenai (JIMCO) Tta ix nonasiplie BUKOPHCTAHHS JJIsl CTBOPCHHSI
HAHOCTPYKTYp Si MeTOZOM MeTaji-KaraniTHaHoro Ximiunoro tpasieHHs (MACE). BeraHosineHo, mo cepenHiit
PO3MIp i KiJIbKiCTh HAHOYACTHHOK AU 3pocTac 3i 301IbIIEHHSIM KOHLEHTPALT i0HIB BiJHOBIIIOBAHOI'O METAITy Bij
2 0 8 mmons/int HAUCI, B IMCO, Toxi sk pO3MO/IiJ HAHOYaCTHHOK AU 32 BHCOTOK 3QJTHIIAETHCS HU3BKUM IS
BCIX KOHIICHTpAIIi{ BiJIHOBJIIOBAHOI'O MeTally. 3MiHa TEMIIEpaTypH MpOIECy IajbBaHIYHOTO OCAKEHHS B MEXax
Big 40 o 70 °C npuBoanTh /10 3MiHK MOpQoIIorii HaHeCceHNX HaHOILTIBOK AU. 3okpeMa, 3a Temmeparypu 40 °C
IUIiBKA € TOPUCTOIO TIEPEBAXKHO FOMOT€HHOI0, Tofi 5K 3a Temneparypu S0 °C — miBka mopcerkima. ITonansie
migBuineHHs temneparypu Bin 60 mo 70 °C mpuBomuth 10 (OpMyBaHHS OCTPIBKOBOI HaHOILIIBKH AU.
BcraHoBeHO, 10 He3aJexHO Bix Mopdonorii HaHeceHMX HAaHOIUIIBOK AU, HAaHOCTPYKTYpu Si 30epiraiorhb
BEPTUKAJIbHY OPi€HTALIII0 BIHOCHO ILUIOMIMHY MiaKIaaku Si i yac TpaeieHHs MerogomM MACE. BusiBieHo, 1110
BHCOTa CTBOPCHHX Y TakKHil Crocié HaHOCTPYKTYp Si 3HaxomuThes B Mexax Bing 1,5 mo 2,5 MM, a cepenHiit
niamerp — Bix 100 no 300 um.

KirouoBi ciioBa: raneBaHiuHE 3aMillleHHS, HAaHOYACTHMHKH, IUTIBKM 30JI0Ta, HAHOCTPYKTYPH KpPEMHIIO,
MeTaJ-KaTaJliTHYHe XiMiYHE TPaBJICHHSI.
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